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ABSTRACT
The arrival times, positions, and fluxes of multiple images in strong lens systems can
be used to infer the presence of dark subhalos in the deflector, and thus test predic-
tions of cold dark matter models. However, gravitational lensing does not distinguish
between perturbations to a smooth gravitational potential arising from baryonic and
non-baryonic mass. In this work, we quantify the extent to which the stellar mass dis-
tribution of a deflector can reproduce flux ratio and astrometric anomalies typically
associated with the presence of a dark matter subhalo. Using Hubble Space Telescope
images of nearby galaxies, we simulate strong lens systems with real distributions of
stellar mass as they would be observed at redshift zd = 0.5. We add a dark matter
halo and external shear to account for the smooth dark matter field, omitting dark
substructure, and use a Monte Carlo procedure to characterize the distributions of
image positions, time delays, and flux ratios for a compact background source of di-
ameter 5 pc. By convolving high-resolution images of real galaxies with a Gaussian
PSF, we simulate the most detailed smooth potential one could construct given high
quality data, and find scatter in flux ratios of ≈ 10%, which we interpret as a typ-
ical deviation from a smooth potential caused by large and small scale structure in
the lensing galaxy. We demonstrate that the flux ratio anomalies arising from galaxy-
scale baryonic structure can be minimized by selecting the most massive and round
deflectors, and by simultaneously modeling flux ratio and astrometric data.
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1 INTRODUCTION
One of the most robust predictions of cold dark matter mod-
els is that galaxy and cluster scale halos should host a large
number of subhalos, described by a steep mass function of
the form dn/dM ∝M−1.9 (Klypin et al. 1999; Moore et al.
1999; Kravtsov 2009). Observational evidence against this
prediction would force a revision of the standard model in
favor of more exotic kinds of dark matter. For example, dark
matter models with non-negligible free streaming lengths,
such as keV scale sterile neutrinos are expected to manifest
themselves as a cutoff in the subhalo mass function (Colombi
et al. 1996; Vogelsberger et al. 2016; Bose et al. 2016; Lovell
et al. 2014; Nierenberg et al. 2013; Menci et al. 2016).
? gilmanda@ucla.edu
The standard test of this prediction consists of mea-
suring the abundance of luminous satellites around galax-
ies such as the Milky Way. Significant efforts over the past
decades have shown that indeed the abundance of luminous
satellites is lower than what is predicted for subhalos. How-
ever, the interpretation of this tension is ambiguous. Low
mass subhalos might not exist in sufficient numbers, or could
simply not be capable of forming stars, and thus be invisible
(Nierenberg et al. 2013, 2016; Guo et al. 2011; Starkenburg
et al. 2013; Wetzel et al. 2016; Sawala et al. 2016; Despali
& Vegetti 2016).
For almost two decades it has been recognized that
strong gravitational lensing offers an alternative and poten-
tially very clear observational test of this fundamental cos-
mological prediction, whereby the properties of dark mat-
ter subhalos are probed directly by their impact on the ar-
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rival times, positions, and flux ratios of lensed images. A
variety of techniques have been developed over the years
to carry out these measurements, and applied to a variety
of datasets. Broadly speaking, the measurements obtained
so far are consistent with cold dark matter predictions, al-
though their sensitivity has been limited by sample sizes
and quality of the data. Fortunately, sample size and data
quality are rapidly improving, and it is therefore important
to explore all sources of potential systematic errors in the
applications of this technique.
The goal of this paper is to study the impact of bary-
onic substructure on the application of the so-called lensing
anomalies (in time delays, positions, and fluxes) to the study
of dark matter substructure. The term anomalies arises from
the standard approach in strong lensing communities where
the mass distribution of a galaxy is described as the super-
position of a ‘smooth’ mass distribution representing most
of the luminous and dark matter, plus a clumpy distribution
of dark substructures typically in the range 106 − 109M.
This approach is motivated by the fact that a simple smooth
component is generally sufficient to capture the main fea-
tures of the lensing observables, while substructure below
a certain threshold effectively behaves as smooth for given
bakcground source size.
Typically, the positions and arrival time delays between
lensed images are reproduced by a smooth lens model, while
the ratios of the magnifications (also known as flux ratios)
may or may not be recovered. If the observed flux ratios can-
not be recovered with ‘smooth’ lens models, the flux ratios
are deemed anomalous, and the discrepancy is attributed to
the presence of a compact, massive perturbing mass near
an image, such as a dark subhalo. Similarly, the inability
of smooth models to reproduce image arrival times and as-
trometry (both for compact and extended sources) gives rise
to the so-called time delay and astrometric anomalies (Chen
et al. 2007; Keeton & Moustakas 2009; Inoue & Takahashi
2012). Both astrometric and flux ratio anomalies have been
used to characterize the distribution, abundance, mass func-
tion, and density profile of subhalos (e.g., Metcalf & Madau
2001; Dalal & Kochanek 2002; Chiba 2002a; Vegetti et al.
2010; Vegetti et al. 2012; Fadely & Keeton 2012; Vegetti
et al. 2014; Vegetti & Vogelsberger 2014; Nierenberg et al.
2014; Hezaveh et al. 2016).
However, the presence of dark subhalos is not the only
possible explanation for the observed anomalies. Stellar
microlensing (Schechter & Wambsganss 2003) and matter
along the line of sight (Metcalf 2005; McCully et al. 2016;
Xu et al. 2009) can give rise to anomalies in the positions
and flux ratios of compact sources. The astrophysical noise
from these features can be mitigated by observing sources
that are sufficiently extended to smooth away microlensing,
by observing at wavelengths unaffected by dust, and by car-
rying out multiplane lensing analysis.
In this study we focus on astrophysical noise arising
from inhomogeneities in the stellar mass distribution of the
lensing galaxy that may not be resolved at typical lens red-
shifts, and could potentially cause anomalies that could be
conflated with the presence of dark subhalo. A clear and re-
cent example is given by Hsueh et al. (2016), who show that
the apparent flux ratio anomaly in the system B1555 can
be readily explained by the presence of an elongated disk in
the deflector, which is detected in high resolution imaging
of the system.
This potential noise term was recognized early on. For
example, Mao & Schneider (1998) and Chiba (2002a) calcu-
lated the impact of globular clusters based on simple ana-
lytic models. Mo¨ller et al. (2003) highlighted the importance
of disk components in the statistics of flux ratios, considering
their occurrence in early-type galaxies within nearby galaxy
clusters. With improvements in sample size and data quality
it is important to revisit theses issues and perform quantita-
tive, systematic, and realistic calculations of the overall dis-
tribution of the anomalies induced by the stellar component
on arrival times, positions, and fluxes of the multiple im-
ages. In this context, using numerical simulations, Xu et al.
(2016) have shown that the density profiles in the vicinity of
the Einstein radius of simulated galaxies are not as simple as
those traditionally used to model galaxy-scale lenses, which
could amplify the impact of the baryonic mass component
of a lens.
In this work, we address this problem by using real Hub-
ble Space Telescope (HST) observations of nearby galaxies
to build mock lenses with realistic baryonic mass distribu-
tions, and varying degrees of morphological complexity. We
complement this baryonic mass component with an NFW
dark matter halo, omitting dark substructure in order to
isolate the effect of luminous matter. From the degree to
which flux ratios from our mock lenses can be recovered
with smooth lens models, we quantify the anomalies that
can be attributed to the baryonic mass of a deflector (we
identify stars with baryons but neglect the contribution of
gas, which is assumed to be smooth on the relevant scales).
This paper is structured as follows. In Section 2, we de-
tail our procedure for building mock lenses from HST images
of nearby galaxies, the type of lens models considered in this
work, and our fitting methodology. In Section 3, we present
the results of our comparison between smooth models and
realistic simulated lenses. In Section 4, we summarize the
results of our analysis, and discuss the lessons learned in
the context of ongoing and future strong lensing studies of
dark matter. When needed to compute distances, we adopt
a standard concordance cosmology with Ωm = 0.3, ΩΛ = 0.7
and h = 0.7, even though our results are independent of this
choice. All of the lens simulations, ray-tracing and compu-
tation of lensing observables (positions, time-delays, magni-
fications) are performed using the lensmodel software (Kee-
ton 2011).
2 BUILDING AND FITTING MOCK LENS
SYSTEMS
In this Section we describe in detail our procedure to build
mock lens systems and then fit them with lens models.
We begin by describing our source of high resolution im-
ages about the surface brightness of early-type galaxies in
Section 2.1. In Section 2.2 we summarize how we obtain
the global structural parameters for the lens galaxies, either
from the literature or our own fits to the light. In Section 2.3
we describe how we convert surface brightness into lensing
potential, accounting for the dark matter halo and external
shear. In Section 2.4 we describe the ingredients of our five
different mass models used to produce mock lenses and fit
c© 0000 RAS, MNRAS 000, 1–??
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them. In Section 2.5 we describe the process of generating
data sets with our mock lenses for two of our models that
are derived from the real HST images, and in Section 2.6
we describe the process of fitting two smooth lens models to
data obtained from the mock lenses.
2.1 The stellar surface brightness of early-type
galaxies at high resolution
The starting point for our mocks is archival Hubble Space
Telescope observations early-type galaxies from the nearby
Virgo and Coma clusters (Ferrarese et al. 2006; Carter et al.
2008). In order to obtain a sample that is representative
of lensing galaxies we select all the elliptical and lenticular
galaxies with available HST images, central velocity disper-
sions between 165 and 320 km s−1, and ellipticities in the
range 0.05-0.43. We limit our selection to galaxies imaged
with the Advanced Camera for Survey with filters F814W
or F850LP, in order to minimize the effects of dust, and map
the stellar light as closely as possible, while taking advantage
of the wider field of view of view and finer pixel scale than
the infrared channel of Wide Field Camera 3. The sample
displays a variety of interesting features, including globular
clusters, disks, tidal tails and shells, which we take as repre-
sentative of the kind of baryonic structure and substructure
that we are interested in studying. In Table 1, we list the
galaxies used in our data set, along with their relevant phys-
ical parameters.
We avoid galaxies with prominent dust lanes, and
sources of visual contamination obvious to the naked eye,
as these features would be problematic in our procedure for
assigning mass to light, which we discuss in the next section.
There are often bright galaxies or stars in the line of sight,
which we replace with a smooth interpolation of the main
lens profile. We do not expect this to significantly affect our
results, however, as we avoid generating lenses where an im-
age would be located near one of these defects. When the
computation of the lensing potential, according to our nor-
malization procedure, requires information from pixels out-
side the ACS field of view, we extrapolate a smooth model
fit to the light into these regions. After solving the lens equa-
tion, we ensure that no lensed images land in an interpolated
region.
We note that real lens samples tend to be dominated
by high velocity dispersion galaxies above 240 kms−1(Auger
et al. 2010; Sonnenfeld et al. 2013), due to their favorable
lensing cross section. Surveys of high velocity dispersion
galaxies (e.g. Goulding et al. 2016) show that the most mas-
sive ellipticals tend to be slow rotators, while low velocity
dispersion galaxies, which are more likely to be fast rotators
and host disks, are over-represented in our mock sample. As
such, our sample is not representative of that of typical lens
galaxies, and will likely result in an over-estimate of the con-
tribution to time delay, astrometric, and flux ratio anomalies
by the baryonic mass component of a deflector. In light of
this, we interpret the fraction of anomalous systems in our
analysis as an upper limit to the frequency with which one
expects to encounter baryon-induced anomalies in a survey
of real lensed quasars.
2.2 Structural Parameters of the Sample Galaxies
In order to simulate the lensing properties of the galaxies
in our sample, we require a measurement of central stellar
velocity dispersion σ∗, half-light radius R1/2, ellipticity ,
position angle θ, and a Se´rsic index n for each host galaxy.
We draw measurements of the central velocity dispersion
from the HyperLeda online catalog (Makarov et al. 2014)
and from Ma et al. (2014), while measurements of the half
light radii, ellipticity and position we obtain for Virgo ob-
jects from Ferrarese et al. (2006) and from HyperLeda.
When the parameters describing the host light distri-
bution are not available in the literature, we derive them
by fitting the light profiles with a single Se´rsic component
using galfit (Peng et al. 2002) and derive the parameters
ourselves, mimicking the efforts of an observer attempting to
model the luminous matter of a strong lens. The parameters
that we adopt for each galaxy are summarized in Table 1.
2.3 From surface brightness to surface mass
density
We transform the surface brightness maps of the galaxies
into maps of surface mass density (convergence) in order to
determine the gravitational lensing properties. In translat-
ing between surface brightness and surface mass density, we
assume that light traces luminous matter in the field of view,
with a constant stellar mass-to-light ratio. This is a conser-
vative approach as it will assign higher masses to young star
populations which tend to populate disky areas, relative to
the old star populations which tend to populate the smooth
elliptical component. Thus, by adopting a uniform stellar
mass to light ratio we tend to increase the lensing signal of
disky strucutures, consistent with our interpretation of our
results as upper limits on the perturbative effect of baryonic
structure on lensing data.
For simplicity, we simulate all our systems as they would
be observed for typical deflector and source redshifts zd =
0.5 and zs = 1.5. The smooth dark matter component of
each deflector is described by a circular NFW halo, whose
scale radius Rs is taken to be 5R1/2, where R1/2 is the half-
light radius of the target galaxy, in projection. We do not
expect this choice for the dark matter normalization to effect
our main results, as our choice for Rs simply reflects the
different spatial scales over which the smooth dark matter
and baryonic mass component vary. While real NFW halos
are unlikely to be circular, the NFW halo in our analysis
serves only to boost the convergence within the Einstein
radius to that of a typical deflector. Further, ellipticity in
the NFW halo is, to some extent, degenerate with external
shear, which we add as a separate component.
We compute the Einstein radius of each mock lens by
exploiting the observational fact (Treu et al. 2006; Koop-
mans et al. 2009) that in lens galaxies the stellar velocity
dispersion σ∗ approximates, within a few percent, the ve-
locity dispersion σSIE of the best fitting singular isothermal
ellipsoid (SIE), for which the Einstein radius is given by
RE = 4pi
(σSIE
c
)2 Dds
Ds
, (1)
where Ds, and Dds are the angular diameter distances to
the source, and from the deflector to the source, respec-
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Figure 1. Convergence as a function of radius for a normalized map of surface mass density for the deflectors VCC1692 and VCC731.
For reference, the slope of an SIE mass density profile (with arbitrary normalization) is shown in grey.
tively. This equation is one of the consequences of the so-
called bulge-halo conspiracy (Treu & Koopmans 2002, 2004;
Koopmans et al. 2006, 2009; Dutton & Treu 2014): the pro-
jected total mass density profile of early type galaxies is well
described by a single power law with logarithmic slope −1.
As a consistency check, we verify that the total convergence
(after adding stellar mass to the light and a dark matter
component) of our mock galaxies is well approximated by
an isothermal profile, as shown in Figure 1. Also, we check
that the stellar masses derived from our convergence maps
are consistent with those reported by Gallo et al. (2008).
Details of the normalization procedure, based on empirical
measurements of the relative abundances of stellar mass and
dark matter, are given in Appendix A. In order to mimic
the tidal field of the large scale structure expected at inter-
mediate redshifts, we add, at random position angles, ex-
ternal shears of magnitude 0.05 or 0.08, which are typical
shear magnitudes in strong lens systems (Holder & Schechter
2003).
2.4 Description of the lens models
In order to carry out our quantitative analysis of the lens-
ing effects of unresolved stellar structures, we compare the
lens configurations obtained from the high resolution mass
maps (the “truth”), with two models based on lower res-
olution data, and two simply parametrized smooth models
commonly used in the literature. The two models based on
a low resolution version of the “truth” are intended to sim-
ulate the best data that one could hope to extract from a
distant lens using HST. The two simply parametrized lens
models are meant to represent the models typically used as
a reference to detect anomalies due to dark substructure.
Thus, in total, we consider five lens models, with the
following characteristics:
• Model 1 (real data) - “Truth”. This model directly uses
the image of the galaxy obtained by HST, converted to a
convergence map as described in the previous section and
Appendix A.
We evaluate the following four models by their ability to
reproduce the ‘real’ data of Model 1:
• Model 2 (relies on real data) - “real HST”. This is a
simulated single exposure of an HST image, including the
effects of a Gaussian PSF, and pixelization. First, we rebin
pixels of the Truth model by a factor corresponding to the
loss of spatial resolution going to zd = 0.5 from the native
redshift of the galaxy. For example, translating the angular
diameter distance of the Virgo cluster (z = 0.0038) to z =
0.5 changes image resolution by a factor of 80, so the image
used in the Truth model is rebinned 80x80. We then convolve
the rebinned map with a Gaussian Point-Spread-Function
(PSF) of FWHM = 2 pixels. We checked that the order
of operations of rebinning and convolving does not affect
the results. This model is meant to represent an attempt to
fit the stellar mass of the lens by scaling the pixel values
observed by HST. An example is shown next to the Truth
stellar mass distribution in Figure 2.
• Model 3 (relies on real data) - “HST Interpolated”. This
model simulates an HST image where the sub-pixel informa-
tion has been recovered via dithering, thereby representing
the best possible data set obtainable for these systems at a
redshift of 0.5, approximating the Hubble PSF with a Gaus-
sian PSF. In effect, this data has been smoothed over at a
scale comparable to the Hubble PSF at redshift 0.5, thereby
erasing structure on scales smaller than rebinning factor at
redshift 0.5, thereby erasing structures on scales < 0.32 kpc
for Virgo galaxies, and < 0.51 kpc for Coma galaxies. In
practice, this model represents the best description of the
stellar component that one could build from HST observa-
tions, using a smooth interpolation or a fit to the pixel data.
As such, the degree to which this model reproduces the flux
ratios from the Truth model represents a noise floor for flux
ratio data. An example of the stellar mass distribution cor-
responding to this model is shown in Figure 2.
The following two models are different from the previous
three, as they are analytic functions fit to the data obtained
from the Truth model.
• Model 4 (fit to Truth positions, time delays) - Singular
isothermal ellipsoid with external shear (SIE). This model
c© 0000 RAS, MNRAS 000, 1–??
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Figure 2. Left: Surface mass density of VCC1692 as it appears at a distance of 16 Mpc.
Center: The galaxy as it appears at redshift 0.5 (1280 Mpc) after rebinning pixels 80x80 to account for a loss of spatial resolution.
Right: The galaxy after convolving with a PSF with FWHM of 80 pixels to simulate an observation of the galaxy where sub-pixel
information has been recovered via dithering, effectively the best smooth model one could construct given HST data.
is physically motivated by the fact that the combined mass
profile of baryons and a NFW halo is well approximated by
an isothermal power law, as shown in Figure 1. We do not in-
clude information about image magnification when perform-
ing the fit, and use positional and time delay uncertainties
of 0.003” and 2 days to simulate the best data currently
available.
• Model 5 (fit to Truth positions, time delays) - Se´rsic +
NFW halo (SNFW). We fit an elliptical Se´rsic (Se´rsic 1963)
mass distribution and a NFW with external shear to im-
age positions and time delays, with the same observational
uncertainties as Model 4. The SNFW model has nearly dou-
ble the number of free parameters as the SIE, which at face
value suggests it would be a more adaptable functional form
than the former, and better suited to representing a possibly
complex distribution of baryonic and dark matter. However,
models with too many free parameters are prone to degen-
eracies given the limited constraints available. We will con-
sider this point again in Section 2.6. This model is meant
to represent a practical approach which might be as close as
possible to the best one can do, especially in the presence of
bright lensed quasar images.
We stress that because we do not explicitly add dark
substructure to our mock lenses, the only source of small
scale structures or non-smooth features, akin to the clumpy
nature of dark matter substructure, is that of the baryons
in the lensing galaxy, luminous satellites of the deflector,
and background galaxies. Therefore, any discrepancy in flux
ratios between the “Truth” model and models 4-5 is due
entirely to a baryonic mass component that cannot be ab-
sorbed by the SIE or SNFW functions.
Similarly, with data of extraordinary quality, one could
imagine using more flexible and complicated smooth lens
models to describe the stellar mass component. This is cap-
tured in by the HST Interpolated model, which provides a
reasonable upper limit on the capability of a smooth lens
potential to fully account for the baryonic structure of a
lensing galaxy.
2.5 Generating mock data sets
For each of the three lens models based on real images
(Truth, Real HST, HST Interpolated), we manually place
the source position within the astroid caustic so as to pro-
duce a cusp and a fold lens configuration. While the light
traces mass hypothesis allows us to efficiently normalize and
assemble realistic mock lenses, it introduces a significant
complication. Shot noise in the HST images and disconti-
nuities due to pixelization cause small scale variation in sur-
face mass density that introduce a small scale pattern in
the local magnification map. For a point source this would
introduce a microlensing-like signal, which could introduce
spurious scatter in the fluxes predicted by the Truth model.
We avoid this by modeling the background quasar as an
extended source 5 parsecs in diameter, a procedure we de-
scribe in detail in Appendix B. For reference, this source
size is roughly the size of a radio jet source (1-10 pc), but
smaller than the narrow-line region (10-100 pc) (Moustakas
& Metcalf 2003), and is large enough to avoid micro-lensing
effects while preserving sensitivity to small scale structure
in the image plane, and corresponds to 0.265 mas2 in the
source plane.
For the three mock deflectors (Models 1-3), we apply a
Monte Carlo procedure: for each image configuration (cusp
and fold), we randomly sample 250 source positions from
a circular area in the source plane, centered on a reference
source position guaranteed to produce a cusp or a fold lens.
For each of the 250 new source positions, for each of the
Truth, Real HST, and HST Interpolated convergence maps
we directly solve the lens equation to obtain 250 new sets of
positions, time delays, and flux ratios. We do not add mea-
surement noise in this process, as we are only interested in
the effects of baryonic mass on these data.
For the simply parametrized lens models (Models 4 and
5), we use the software package lensmodel to fit an SIE and
SNFW model to each of the 250 data sets, corresponding
to each of the 250 sampled source positions, constraining
the models by only astrometric and time delay data and de-
manding that the Se´rsic halo and NFW halo are centered at
the same location. We introduce a χ2 penalty to discourage
c© 0000 RAS, MNRAS 000, 1–??
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lensmodel from adopting unphysical characteristics, such
as an NFW halo with a scale radius smaller than the stellar
half-light radius.
We plot the resulting data for each of our models as
histograms that characterize the distributions for each lens-
ing observable, taking into account small variations in the
the unknown source position. The scatter in the distribu-
tions of the Real HST and HST Interpolated data we obtain
can be attributed to variation in the source position, since
the process of rebinning pixels and convolving with a PSF
wipes out small scale features in the lensing potential, which
could lead to flux ratio perturbations. On the other hand,
the variance of the Truth data is affected by variations in the
source position and perturbations from small scale features
in the lensing potential, resulting in a systematically larger
scatter. To account for this, we interpret significant offsets
in the means of these distributions as evidence for flux ratio
perturbations by luminous matter.
In Figures 4 and 5, we show distributions of flux ratios
obtained for the 6 lens systems in our mock sample with
the largest Rcusp or Rfold values. The frequency and magni-
tude of flux ratio and astrometric anomalies across our full
sample of mock lenses, and the physical characteristics that
give rise to these phenomena, characterize what properties
of lensing galaxies are likely to perturb flux ratios and other
lensing data. We will return to interpret the results of these
figures in more depth in Section 3.
2.6 Fitting simply parametrized lens models to
mock data
2.6.1 Adopted uncertainties
We assume astrometric uncertainties of 0.003 arcseconds,
time delay uncertainties of 2 days, i.e. comparable to the
best data currently available. For the magnification ratios
we adopt uncertainties of a factor of 100 which ensures that
we fit the smooth potentials only to image positions and time
delays. This approach is motivated by the current standard
procedure, where the flux ratios are normally not used as
constraints for smooth models in order to bypass the effects
of substructure and astrophysical noise arising from dust,
microlensing, and variability.
2.6.2 Fitting procedure
When fitting the SIE, we vary the Einstein radius, position,
ellipticity, shear, and the two corresponding position angles.
We optimize these parameters simultaneously, first optimiz-
ing numerous random realizations of an SIE profile in the
source plane, and then keeping and re-optimizing the best
model in the image plane (see Keeton 2010).
In contrast, when fitting with the SNFW, we attempt
to fit the lens by holding the parameters of the Se´rsic profile
describing each galaxy fixed while varying the properties of
the NFW halo. We obtain the Se´rsic parameters either from
literature (see the references in Table 1), or by measuring
them ourselves using galfit. Specifically, in the first iter-
ation we vary only the normalization of the Se´rsic profile,
the normalization of the NFW halo, the scale radius of the
NFW, and the external shear and position angle.
In most cases, this approach fails to fit the positions and
time delays with a reduced χ2 < 2.5, which we take to be
the threshold acceptable χ2 fit. We choose this χ2 to permit
individual astrometric and time delay χ2 values greater than
1, resulting in a conservative measure of the degree to which
our smooth potentials can recover image positions and time
delays. As we do not add measurement noise to our data,
the SIE and SNFW frequently fit the data almost exactly,
resulting in reduced χ2 much less than unity. After the first
iteration of fitting, for the systems with unacceptable model
fits, we allow the Se´rsic index, ellipticity and position angle
of the Se´rsic to vary, and attempt to fit the lens again. If
this approach fails, we vary the effective radius, ellipticity
and position angle.
The complications we encounter trying to fit lenses with
a single Se´rsic model suggests that, for the purpose of lens
modeling, a more complicated lens model is required to fit
the luminous matter of a lens, e.g. a bulge+disk of different
ellipticity or two components at different position angles. On
the other hand, the success of a simple SIE model suggests
that this simple model is sufficient in most cases to capu-
ture the lensing effects of baryonic matter. Interestingly, fold
configurations required more flexible models (with varying
Se´rsic index, ellipticity, and position angle) than cusp con-
figurations. Overall, we find that an SIE model absorbs the
combined properties of stellar mass and dark matter as well
as, or better than, the SNFW model. In Table 2 we summa-
rize the parameters we allow to vary when fitting with the
SIE and SNFW models, and the results of the fit for each
galaxy in our sample.
3 RESULTS
In this section, we compare the data obtained for the Truth,
Real HST, and HST Interpolated mock lenses, and the two
analytic models, the SIE and SNFW. First, in 3.1 we inves-
tigate the extent to which positions and time delays vary
between the Truth data set and the four comparison mod-
els. Section 3.2 reviews the Rcusp and Rfold statistics, and
present the values for these statistics we obtain for the Truth
model, side by side with observed Rcusp and Rfold statistics
from real strong lenses, and characterize baryonic flux ratio
anomalies by their coupling to astrometric anomalies. In 3.3,
we examine in detail each anomalous system to understand
the source of flux ratio anomaly, making use of magnifica-
tion maps derived from our convergence maps. Finally, in
3.4 we discuss the the degree to which the Real HST, HST
Interpolated, SIE and SNFW models recover the flux ratios,
Rcusp and Rfold values of the data of the Truth model.
3.1 Image Positions and Time Delays
Since time delays and image positions depend on the to-
tal gravitational potential, and the gradient of the poten-
tial, respectively, one can expect these data to be relatively
insensitive to small perturbations to the gravitational po-
tential, whether by dark subhalos or by baryonic features.
Therefore, it is expected that the rebinned and smoothed
models will yield similar image positions and time delays as
the Truth model, and that both the SIE and SNFW models
we fit to the Truth will also accurately recover these data.
Our results are consistent with these expectations. In
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Figure 3. Distributions of the difference in positions (top) and times delays (bottom) from the mean of the Truth distributions.
Standard deviation, denoted by σ is displayed for each data set. The absence of measurement noise in our mock data results in the
narrow distributions, whose width is determined by specific lensing properties of each model.
Figure 3 we plot the distributions of offsets between means
of the Truth model, the three models based on the unfil-
tered data (Models 1,2,3), and the SIE and SNFW fits to
the Truth model. The standard deviations in the distribu-
tions of image positions are comparable to the 0.003 arc-
second uncertainty we assume in our lens models, while the
standard deviations in the distributions of time delays is an
order of magnitude smaller than our assumed uncertainty.
For the Real HST and HST Interpolated models, this indi-
cates that the information lost in the process of rebinning
pixels, or convolving with the smoothing kernal, does not,
in most cases, significantly impact the predicted image po-
sitions and arrival times. For the SIE and SNFW fits, these
results confirm that the image positions and time delays of
real lenses are consistent with those produced by a smooth
lens model, as expected.
While these results were expected a priori, this should
not undermine their significance. The agreement of astro-
metric data between the different models we consider implies
that luminous matter is highly unlikely to result in astromet-
ric anomalies. Conversely, many real lenses with flux ratio
anomalies similar to those we observe in our mocks exhibit
flux ratio anomalies accompanied by astrometric anomalies,
suggesting an avenue by which a baryonic lensing signal may
be distinguished from other sources of anomaly. We will re-
visit this point in detail later in this section.
3.2 Flux ratios and the Rcusp / Rfold relations,
Truth model vs. real lens systems
In order to quantify the flux ratio anomaly across the full
ensemble of mock lenses, we consider the differences in the
mean of each distribution (explicitly, each Fi denotes the
mean of a distribution for an image generated from a lens
described by model i). The mean is marked as vertical bar
in Figures 4 and 5. In this work we consider the relative flux
ratio anomalies δFi, with respect to the Truth data:
δFi =
|FTruth − Fmodel|
FTruth
We calculate the commonly used Rcusp and Rfold statistics
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Figure 4. Flux ratio distributions for two anomalous systems, NGC7626 and VCC1692. Images in the middle panels are classified as
minima (M) or saddle points (S) of the time delay surface. The outer critical curve and astroid caustic are marked by black points, while
the source position is marked as a blue point. The line in the upper right corner indicates the direction of the applied external shear.
Left : NGC7626 displays an anomalous Rcusp = 0.26. The system NGC7626 has no obvious large scale structure, such as a stellar disk
or boxy isophotes, that would contribute to the observed Rcusp anomaly. However, there are several compact structures near the critical
curves between S2, M2, and S1, whose effects we will discuss in more detail in Section 3.3.1. The agreement between the HST Interpolated
model and the Truth suggests the anomaly is not entirely caused by a compact structure, as the convolution process would smooth over
features smaller than the convolution kernel (which in this case is 22 native pixels or about 0.5 kpc). While the fold configuration does
not display an anomaly between the two merging images M2/S1, a satellite galaxy near S2 induces an anomaly with respect to the SIE
and SNFW models of ≈ 8%. In the S1/M2 flux ratio, the vertical bar marking the mean of the SNFW fit is hidden by the bar marking
the SIE centroid, as both models produce the same flux ratio.
Right : VCC1692 is the most anomalous mock lens in our sample with Rcusp = 0.51 and a relative flux ratio anomaly in M1/S1 of ≈ 80%.
The Rfold = 0.35 of VCC1692 is also abnormally high, with an S1/M2 flux ratio anomaly of ≈ 30%. In VCC1692, a stellar disk at a
nearly orthogonal position angle results in the warped astroid caustic and abnormal image configuration, as well as likely inducing the
observed anomaly.
.
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Figure 5. The distributions of flux ratios for VCC1664 and VCC1062, two anomalous systems. Images in the middle panels are classified
as minima (M) or saddle points (S) of the time delay surface. The outer critical curve and astroid caustic are marked by black points,
while the source position is marked as a blue point. The arrow in the upper right corner indicates the direction of the applied external
shear.
Left: VCC1664 displays an anomalous Rcusp = 0.40, with large anomalies between the best fit SIE and Truth models in both the M1/S1
and M2/S1 image pairs. Like VCC1692, the disky nature of VCC1664 is likely responsible for the anomalous flux ratios.
Right: VCC1062 has an anomalous Rcusp = 0.25 and an anomaly between the S1/M2 image pair. Different external shear magnitude
(0.05 and 0.075 for cusp and fold, respectively), result in differently shaped astroid caustics. The VCC1062 is one of the few cases where
the HST Interpolated model does not agree with the Truth model, suggesting that irregularities in stellar structure or other small scale
features perturb the flux ratios in the system, although close visual inspection of the convergence map near each image does not reveal
a obvious culprit.
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Figure 6. Rcusp and Rfold statistics of the Truth data, compared with a set of Rcusp and Rfold statistics of real lenses. An empty circle
indicates the absolute value of an Rcusp that turns out to be negative. Two classes of cusp configurations, with different numbers of
minima and saddle points are shown in black and blue, with the corresponding image configurations shown on the right. Minor axis
cusps (blue points) are defined by a minimum as the central cusp image.
given by
Rcusp =
M1 +M2 − S1
M1 +M2 + S1
(major axis)
=
M2 − S1 − S2
M2 + S1 + S2
(minor axis)
Rfold =
M2 − S1
M2 + S1
for each model. Major axis and minor axis cusps are de-
fined by whether the central cusp image is the first saddle
S1 (major) or the second minimum M2 (minor). The dif-
ferent configurations are shown on the right hand side of
Figure 6. It has been shown (see Schechter & Wambsganss
2002; Keeton 2003) that small, compact deflectors in the
lensing galaxy, or local perturbations, tend to suppress the
brightness of images appearing on saddle points of the time
delay surface, while preferentially magnifying minima. On
the other hand, perturbations to the gravitational potential
on scales larger than the image separation, or global per-
turbations, do not discriminate between minima and saddle
points. The different responses of these cusp configurations
to lens structures suggest they could potentially be used to
differentiate between different sources of flux ratio anoma-
lies.
For models 2-5, we compute the offset between the un-
signed Rcusp and Rfold statistics
∆Rmodel = ||RTruth| − |Rmodel||
Smooth lens models will yield values close to zero in the
limit of vanishing distance between neighboring images, with
small variations depending on the image separation and
properties of the main lens model (see Keeton et al. 2003;
Keeton et al. 2005). Large values of Rcusp and Rfold are typ-
ically associated with perturbations to the lens potential on
scales smaller than the image separation, and as such, these
statistics are often used as a indicators of small scale struc-
ture near a lensed image.
3.2.1 Distribution of Rcusp and Rfold for target galaxies
In Figure 7, we plot the distributions of the Rcusp and Rfold
statistics of the Truth data for each of our target galaxies as
a function of the largest distance (normalized by REin) be-
tween the three merging images θ (cusp lenses) or the merg-
ing pair θ1(fold lenses). Our sample of mock lenses contains
Rcusp and Rfold statistics as high as 0.5 for cusp lenses, and
as high as 0.35 for fold lenses. In Figure 6, we plot the Rcusp
values of ten real lenses, with data as reported in Keeton
et al. (2003) and Xu et al. (2016). Several of these lenses,
notably B2045 and B1933 have Rcusp and Rfold that are in-
consistent with lensing by a smooth potential (Keeton et al.
2003; McKean et al. 2007), while Xu et al. (2016) showed
some of these anomalies could be accounted for by introduc-
ing a population of dark subhalos and multipole potential
terms in smooth lens models, while noting that the observed
anomalies were unlikely to caused entirely by dark subha-
los. In the following paragraphs, we will focus attention on
the 4 systems with large Rcusp and Rfold anomalies in order
to understand their origin, and to gain insight into how a
baryon-induced induced flux ratio anomaly might reveal it-
self in an observational scenario.While we juxtapose real lens
systems with our mock lenses in Figure 6, we do not argue
that baryons are responsible for the anomalies seen in these
systems. Rather, we emphasize that features of the luminous
matter in a lensing galaxy can give rise to the large values
of Rcusp and Rfold typically associated with non-baryonic
substructure - albeit rarely - especially in systems with a
stellar disk or other irregularities. The stellar mass compo-
nents and flux ratio distributions for these lenses are shown
in Figures 4 and 5, while maps of the magnification surfaces
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Figure 7. Distributions of Rcusp and Rfold statistics of the Truth
data, color coded by the largest separation between the three
merging images θ (for cusp configurations) or the separation be-
tween the merging image pair θ1 (for fold configurations), nor-
malized by the Einstein radius.
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Figure 8. Diskyness and boxyness for each mock deflector, de-
scribed by the galfit parameter C0. A positive C0 corresponds
to boxy isophotes, while a negative value indicates diskyness. The
anomalous systems shown in Figures 4, 5, and 6 are labeled.
are shown in Figures 9, 10, 11, 14, and 15. Unsurprisingly,
three of the most anomalous mock lenses show evidence for
disky or boxy isophotes (see Figure 8). The remaining sys-
tem, NGC7626, has an Rcusp anomaly that can can be par-
tially accounted for by the presence of a background galaxy
and globular clusters near the images. Three out of of four
anomalous mock lenses have velocity dispersion below 200
km s−1, unlike the high central velocity dispersion deflectors
most likely to act as strong lenses. In light of the inflated
percentage of low stellar velocity dispersion targets in our
lens sample, which are more likely to contain disks and ir-
regular morphological features than high velocity dispersion
deflectors, the non-detection of flux ratio anomalies through
most of our lens sample illustrates the sub-dominant nature
of flux ratio anomalies caused by luminous matter.
3.3 Analysis of Anomalous Systems
Analysing the few mock deflectors where the luminous mat-
ter of the lensing galaxy influences the flux ratios serves to
illustrate how stellar mass can affect lensing observables. We
will first inspect the cusp configurations, followed by the fold
configurations.
3.3.1 Cusps
• VCC1692: An elongated galaxy with a prominent disk,
as seen in Figure 4, with stellar velocity dispersion σ∗ =
187 km/sec. We embed this galaxy in an external shear with
a 60 degree offset between the disk position angle and the
position angle of the external shear, resulting in a warped
astroid caustic. The residuals between the magnification sur-
face of the mock lens and the best fit SIE, shown in Figure 9,
dramatically displays this effect, with large residuals on the
ends of the disk where images are located. The lens has an
unusual image configuration, with the far image (S2) located
off the symmetry axis of the cusp, while the three cusp im-
ages are very close to each other. Both the SNFW and SIE fit
the positions reasonably well, although both models display
M1/S1 flux ratio anomalies of 80%. The proximity of images
M2 and S1 to the stellar disk likely significantly the perturbs
the flux ratios between these images. We can compare this
with the closest real analog in Figure 6 B2045+265. Deep
imaging of the system (McKean et al. 2007) shows that the
deflector galaxy is almost perfectly round (b/a = 0.94±0.01)
when imaged with an F160W filter, while it displays irreg-
ular morphological features in F814W. McKean et al. also
investigate the possibility that a luminous satellite located
between the main deflector and the three cusp images could
be responsible for the observed flux ratio anomaly. The Ein-
stein radius of 1.′′06 corresponds to a velocity dispersion of
278 km s−1, once the correct source redshift of zs = 2.35 is
taken into account (Nierenberg et al. 2016, in preparation).
Thus, the deflector galaxy in B2045 is very different than
the one in the mock lens discussed here, consistent with a
different origin of the anomaly, even though the amplitude is
the same. In our sample of mock lenses, VCC1692 is the only
lens with significant astrometric anomalies. In this sense it
is an outlier, as our analysis shows that lensing by luminous
matter typically does not result in image positions that can-
not be fit by an SIE or SNFW, while they still may result in
anamalous flux ratios. The interplay between the disk and
external shear is likely to blame for this unique system, re-
sulting in the asymmetric image configuration and peculiar
shape of the astroid caustic.
• VCC1664: This is a small galaxy with velocity disper-
sion 155 km s−1. As such, it is not representative of a typical
deflector of lensed quasars. It is similar to VCC1692 in that
it has a prominent disk that results in large M1/S1 and
M2/S1 flux ratio anomalies that both the SIE and SNFW
models fail to reproduce, as seen in the distributions of Fig-
ure 5. The magnification residuals between the Truth model
and the best fit SIE result in a multipole pattern around
the critical curve, seen in Figure 10. Since there is a signif-
icant amount of small scale structure scattered around the
deflector, some of which lay close to an image, we experi-
mented with removing these potential sources of flux ratio
anomaly, but found that this did not affect the flux ratios.
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Figure 9. Rcusp anomaly. Left: Magnification surface derived from the convergence map. Right: Residuals after subtracting the
magnification mag of the best fit SIE model. The interplay of the disk and external shear, which is nearly orthogonal to the disk position
angle in this system, creates large residuals in the magnification surface that create a strong flux ratio anomaly.
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Figure 10. Rcusp anomaly. Left: Magnification surface derived from the convergence map. Right: Residuals after subtracting the
magnification mag of the best fit SIE model. The effect of the stellar manifests itself as a multipole pattern in the residual map.
A lens with a similar flux ratio anomaly, RXJ1131+1231
(Sluse et al. 2003), differs in several important ways. First,
Suyu et al. (2013) measured a stellar velocity dispersion in
J1131 of 323 ± 23 km s−1, which would likely result in im-
ages far enough from the majority of the stellar mass of the
lens to be affected by morphological features of the luminous
matter, especially as imaging of J1131 shows no evidence for
the presence of a stellar disk or significant elongation. Sec-
ond, the flux ratio anomaly in J1131 is accompanied by an
astrometric anomaly; attempts to fit the lens with an sin-
gle SIE with shear or a two-lens model both fail to recover
the correct astrometry (Sluse et al. 2012), whereas smooth
potentials recover the image positions of VCC1664 almost
perfectly. It should also be noted that because VCC1664
has a larger cusp image separation θ than J1131, the Rcusp
statistic can naturally be larger without substructure.
• NGC7626: The most massive cusp mock lens (σ∗ = 274
km sec−1) with a significant Rcusp anomaly. NGC7626 is
surrounded by globular clusters and luminous satellites. One
background galaxy is visible to the lower left, and it induces
a flux ratio anomaly in the fold configuration (see the S2/M1
ratio in Figure 4), although it is too far from the cusp images
to be responsible for the Rcusp anomaly and does not affect
the merging pair in the fold configuration. There are two
structures between the M2 and S2 images, seen clearly in
the convergence map (Figure 4) and in the map of the mag-
nification surface (Figures 11 and 12) which visibly perturb
the critical curve. The structure outside the curve resembles
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Figure 11. Rcusp anomaly. Left: Magnification surface derived from the convergence map. Right: Residuals after subtracting the
magnification map of the best fit SIE model. This system does not exhibit any obvious large scale morphological irregularities, although
the effect of a background galaxy in the lower left is clearly visible. The galaxy appears to contain many luminous substructures, some
of which may be associated with a dark subhalo. However, it is possible that some of these features, such as the galaxy in the lower
left, are in the background or foreground. In Section 3.3.1 we discuss the impact of luminous substructure on flux ratios and the Rcusp
parameter.
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Figure 12. Left: Original magnification map, with all small
scale structure present. Right: Magnification map with 3 globular
clusters and one background or satellite galaxy removed. Before
their removal, each of these features in the convergence map con-
tributed the equivalent of 107 − 107.5M.
a background spiral galaxy, while the object just inside re-
sembles a large globular cluster. Since NGC7626 does not
posses a stellar disk or boxy isophotes that could explain
the anomaly, we experimented with removing these features
individually, replacing them with smooth interpolations of
the convergence map. Specifically, we removed the globular
cluster and background galaxy between M2 and S2, a small
globular cluster near S1, and a very small cluster near S2.
The before/after magnification maps are shown in Figure
12, and the new flux ratios in Figure 13. After removing
these small scale structures, which our normalization proce-
dure assigned convergence equivalent to that produced by a
107M perturber, we find that the Rcusp anomaly shrinks
in magnitude to 0.19 from 0.26. In the context of Figure 16,
this suggests it could be accounted for by an SIE model. We
therefore conclude that the main source of anomaly in this
system is due to structure in the deflector on scales smaller
than the image separation. This hypothesis is supported by
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Figure 13. Flux ratios after the removal of small scale structure
between the three cusp images in NGC7626.
examining the residual map in Figure 11, where the alternat-
ing blue and red colors coincide with the location of the per-
turbing globular clusters and galaxy. NGC7626 highlights
that even massive deflectors can suffer flux ratio anomalies
if there is sufficient small scale structure near the critical
curve, whether it is in the form of dark substructure or lu-
minous matter. However, it is important to remember that
that this is seemingly a rare occurrence, and it is possible
that this signal will be overwhelmed by the lensing signa-
tures of a full population of dark subhalos, a question we
will address in a future paper.
In the θ vs. Rcusp parameter space, RXJ0911+0551
(Kneib et al. 2000) is the nearest neighbor of NGC7626.
NGC7626 is a round deflector with an ellipticity of 0.17,
while a best fit SIE model of J0911 (Sluse et al. 2012) fa-
vors a deflector with ellipticity 0.11. The velocity dispersion
of J0911, if it is modeled as an SIE with Einstein radius
0.9 arcsec works out to σSIE = 239km s
−1 after adopting
correct lens and source redshifts (Kneib et al. 2000; Bade
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Figure 14. Rcusp anomaly. Left: Magnification surface derived from the convergence map. Right: Residuals after subtracting the
magnification mag of the best fit SIE model. The effect the the stellar manifests itself as a multipole pattern in the residual map.
et al. 1997), while NGC7626 has a velocity dispersion of 274
km s−1. Neither J0911 nor NGC7626 display astrometric
anomalies with respect to a smooth model when a second
deflector galaxy is included in the model for J0911 (Sluse
et al. 2012). NGC7626 stands out in our set of mock lenses,
as it is round with high velocity dispersion, but still displays
significant flux ratio anomalies, indicting that high velocity
dispersion does not always guarantee benign flux ratios.
• VCC1062: The external shear applied in this lens forms
an angle of 61 deg with the stellar quadrupole moment po-
sition angle, similar to VCC1692, that results in a cusp con-
figuration that is not coaxial with the stellar ellipticity po-
sition angle. Coupled with the boxy isophotes (see Figure
8), this results in a complicated potential that the best fit
SIE fails to capture, as seen in the map of flux ratio resid-
uals in Figure 14. The small velocity dispersion (σ∗ = 179
km/sec) results in a small Einstein radius, which in turn re-
sults in images close to the center of the lens. As a result,
the images S2 and M2 are located closer to the ends of the
elongated baryonic mass distribution where there is more
curvature in the potential, making this lens more susceptible
to influence from its luminous mass component. While both
the SIE and SNFW fail to recover the correct flux ratios,
the anomalies are < 40%. However, collectively the anoma-
lies lead to a significant Rcusp anomaly. VCC1062 has an
anomaly quite similar to that observed in B0712+472 (Jack-
son et al. 1998). Both deflectors have relatively small stellar
velocity dispersion (B0712 has σSIE = 189 km/sec), which
we estimate for B0712 by adopting the correct redshifts as
cited in Sluse et al. (2012) and utilizing the relationship be-
tween image separation and velocity dispersion presented in
(Kochanek et al. 2000). The two lens systems both appear to
have highly elliptical baryonic mass distributions, consistent
with the presence of edge-on massive disk (Jackson et al.
1998). While the small mass and high ellipticity of B0712
suggests the anomaly may be influenced by baryonic mat-
ter, the astrometric anomaly noted by Kawano et al. (2004)
is not a common feature among our mock lenses, and as
such alternate explanations are favored, such as line of sight
perturbations, as mentioned by Fassnacht & Lubin (2002),
or dark substructure. Discrepancies between the flux ratios
in the optical/near IR and radio data suggest microlensing
and/or dust extinction could also be present. Regardless,
deeper imaging of this system could help disentangle the
possible role of baryonic structure from other sources of flux
ratio perturbation. Completely different is the case of the
real lens B1422+231 (Patnaik et al. 1992). Even though the
cusp flux ratio anomaly is similar to that of VCC1062, the
cusp image separation θ is large enough that the measured
Rcusp value (Koopmans et al. 2003a) alone is not inconsis-
tent with lensing by a smooth potential (Keeton et al. 2003;
Xu et al. 2015). Like many systems in our sample, the as-
trometric anomalies in B1422 are relatively tame compared
to other real lens systems, however the introduction of a
dark subhalo near an image corrects the flux ratio anomaly
(Nierenberg et al. 2014).
3.3.2 FOLDS
• VCC1692: The only significant Rfold anomaly appears
in VCC1692, the lens system with the largest Rcusp anomaly.
The S1/M2 flux ratio anomaly is 50%, likely because of the
influence of the stellar disk. This effect is clear in Figure 15,
where large residuals between the best fit SIE and the Truth
model are evident. Unlike the cusp configuration, the HST
Interpolated distribution agrees with the Truth flux ratios,
indicating that the curvature of the gravitational potential
just off the major axis of the disk is gradual enough that
the convolution procedure still captures the disk’s effect on
the magnification surface. From a modeling standpoint, this
implies that the information needed to accurately reproduce
the lensing signal of a very disky deflector is lower for fold
configurations than for cusp configurations, because cusps
images live near the ends of the disk (for major axis cusps),
where there is greater curvature. Conversely, folds will tend
to straddle the sides of a disk, so one need only resolve a
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Figure 15. Rfold anomaly. Left: Magnification surface derived from the convergence map. Right: Residuals after subtracting the
magnification mag of the best fit SIE model. The merging image pair in this fold configuration happens to land near the portion of the
critical curve extended by the stellar disk, a feature the best SIE fails to capture. The resulting residual in the magnification surface
gives rise to the large Rfold anomaly.
small portion of a relatively straight critical curve dividing
the two images.
B1555+375 (Marlow et al. 1999), the closest real analogue
to VCC1692 in the Rfold / θ1 parameter space, has a nearly
identical θ1 and a large Rfold. B1555 is also a very small
angular separation lens, with a deflector velocity dispersion
estimated from the image separation of 134 km s−1, and
is highly elliptical. The high ellipticity  = 0.54 and disk
feature detected in deep AO imaging (Hsueh et al. 2016)
further strengthen the analogy between the mock and the
real system. Attempts to model the lens system (Marlow
et al. 1999; Miranda & Jetzer 2007) also find that the as-
trometry of B1555 is consistent with an SIE model, so no
extreme astrometric anomalies are present, as is the case
with the majority of our mock lenses. Another clue to the
nature of the anomaly in B1555 arises from the modeling
of VCC1692: if flux ratios are included as constraints in the
SIE fit to VCC1692, the resulting astrometric errors and flux
ratios appear strikingly similar to that observed in B1555.
This suggests that, while formally not a good fit to the data,
a single SIE can capture the astrometry and flux ratios of
a disky galaxy to within 10 mas and ≈ 70%, respectively.
It is likely that this is not a coincidence, as Hsueh et al.
(2016) show that the system can be fit to high precision by
explicitly modelling the stellar disk, without the need to in-
voke dark subhalos. Naturally, this does not mean that dark
substructure is not present, just that it is not required.
The lens system MG0414+0534 is not fit for juxtaposi-
tion with VCC1692, as the central velocity dispersion, de-
rived from the Einstein of an SIE (Xu et al. 2015), is ap-
proximately 286 km s−1, while lens models favor moderate
SIE ellipticity of ≈ 0.2, indicating that the lensing galaxy is
likely very massive and round (Hewitt et al. 1992). While the
anomaly is small in magnitude, the proximity of the merging
image pair makes it unlikely that a smooth potential pro-
vides an adequate description of the lens system (Minezaki
et al. 2009; Keeton et al. 2005; Xu et al. 2015). However, Xu
et al. (2015) point out that other sources of anomaly besides
dark substructure may be needed to explain the observed
anomaly, citing mass structure along the line of sight as a
plausible culprit. Deep imaging of this system would help
rule out the possibility that baryons play a significant role,
although the non-detection of baryon-induced Rfold anoma-
lies in our sample suggests the dark matter is responsible.
B0128+437 (Phillips et al. 2000), a small deflector with
REin = 0.24”, and low sersic index, consistent with a late-
type morphology (Lagattuta et al. 2010). Biggs et al. (2004)
show that lens models favor very elliptical SIE profiles, but
fail to fit the observed image positions. While the small size
of the lens and elongated nature of the deflector suggest
baryons may contribute a non-negligible effect to the flux
ratios, the presence of astrometric anomalies suggests non-
baryonic substructure may also contribute.
The system B1608+656 (Fassnacht et al. 1996) is pecu-
liar in that it consists of two merging galaxies (Fassnacht
et al. 2002; Koopmans et al. 2003b), with the most mas-
sive one having a velocity dispersion of 260± 15 s−1 (Suyu
et al. 2010). The B1608 system is complex enough that a
description in terms of simple anomalies is not appropriate
and searches for dark matter substructure must take into
account this complexity with a detailed model (Suyu et al.
2009, 2010). Even more anomalous than anyone of our mock
lenses is the system B1933+503 (Sykes et al. 1998), a well
known peculiar system with a late-type deflector that con-
tains a prominent stellar disk (Suyu et al. 2012). Kochanek
& Dalal (2004) investigate whether higher order multipole
terms in the lens potential can account for the observed
anomaly, and conclude that such an explanation is unlikely,
which seems to favor a dark substructure as a source of flux
ratio perturbation. However, it is possible that the lensing
properties of galaxies with very irregular morphology, such
as a prominent edge on disk, may require a more different
description than can be encapsulated by adding a few higher
order multipole terms.
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Figure 16. Rcusp and Rfold parameters for the Truth model and best fit SIE Truth model (black points and purple circles, respectively),
together with the values observed in real lenses (red points), and SIE fits to real lenses (red circles). The real lenses and Truth data points
are distributed along the x-axis according to the astrometric error of their best fit SIE model summed in quadrature. Counterintuitively,
as most of our mock lenses have R values larger than the best fit SIE, a positively sloped dashed line is actually an improved model for
the data, although the R value increases. This flux ratio precision comes at a cost of larger astrometric and time-delay errors, irrespective
of the exact uncertainty we place on the flux ratios and time delays. Further, without time delay information (light grey points), the
code cannot distinguish between major and minor axis cusps, which further complicates the modeling process. In this plot, we impose
flux ratio uncertainties of 10 % (grey points). When fitting the real lens systems, we adopt lens data and observational uncertainties
from Sluse et al. 2012 (MG0414, B2045, MG0414), Sluse et al. 2006 (J1131), Jackson et al. 1998 (B0712), Nierenberg et al. 2014 (B1422),
Cohn et al. 2001 (B1933), and Hsueh et al. 2016 (B1555). There is a clear separation between the real lenses and the mock lenses, with
real systems possessing both astrometric and flux ratio anomalies, and our set of mock lenses mostly confined to flux ratio anomalies 6
30% and nearly perfect astrometric precision.
The possibility of a large Rcusp or Rfold arising from the
baryonic structure of the lens, especially in low mass el-
lipticals with features such as disks or boxy isophotes, be-
hooves observers to investigate whether the lensing galaxy
possesses baryonic mass distributions that require detailed
modeling. Indeed, deep imaging of B1555 and B0712 shows
that a disk is present, and can account for the apparent
anomaly (Hsueh et al. 2016). Of the lenses in our sample
with the largest Rcusp values, some have stellar disks visi-
ble even in the rebinned images. Others do not have visible
disks but are significantly elongated, even in the rebinned
images. These findings suggest that in most cases an ellip-
tical galaxy at z = 0.5 can be imaged well enough by the
HST for potential sources of baryonic anomaly to be iden-
tified and modeled, but care should be taken to account for
the interplay between the external shear and stellar elliptic-
ity, which could result in an off-axis cusp, as in VCC1692
and VCC1062 imaged in Figures 4 and 5.
3.3.3 Characterizing a baryonic-lensing signal through
modeling: astrometric and flux ratio anomalies
Among the properties of the baryonic mass of a deflector
likely to give rise to flux ratio anomalies, stellar disks or
other elogated structures, most often seen in low mass, low
stellar velocity dispersion galaxies, constitute the majority
of the anomalous systems in our sample. On the other hand,
in round, high velocity dispersion systems such as NGC7626
where there is no obvious stellar disk or other large scale
feature, anomalies could be induced by compact structures
near the critical curve. Regardless of the origin, flux ratio
anomalies from luminous matter may be difficult to identify
solely by examining flux ratios.
In order to help distinguish a baryonic lensing signal in
systems similar to NGC7626 from other sources of anomaly,
we highlight a feature of our mock systems, seen even sys-
tems with significant flux ratio anomalies, that is not fre-
quently observed in real lens systems. Our mock lenses
are characterized by a conspicuous absence of astrometric
anomalies, which can be present in real systems at the level
of tens of mas for subhalos located near an image, in projec-
tion (Chiba 2002b; Chen et al. 2007). This suggests that a
feature of perturbation by dark matter subhalos, that could
be used to distinguish between baryonic and dark matter
perturbations, is a flux ratio anomaly coupled to an astro-
metric anomaly, especially if the introduction of a dark sub-
structure to the lens model simultaneously resolves both dis-
crepancies.
To compare the astrometric precision of the SIE model
fit to our mock lenses with that of an SIE fit to real lenses,
we fit several of the real systems shown in Figure 6 with
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Figure 17. Largest flux ratio anomaly for Model 2 (Real HST ) and Model 3 (HST Interpolated) in each lens as a function of ellipticity
and central velocity dispersion for cusp configurations (left) and fold configurations (right).
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Figure 18. Distributions of the largest anomalies (left) and the three anomalies summed in quadrature (right) for each lens, color coded
by the deflector’s central velocity dispersion. The color scheme is the same as in Figure 17
an SIE plus external shear, varying the Einstein radius, el-
lipticty, shear, position angles, and deflector centroid. For
the resulting best fit model we compute the flux ratio and
astrometric anomalies. We omit systems such as J0911 and
B1608, which require complicated modeling involving two
galaxies within the Einstein radius. We repeat the fit for
each of our mock systems omitting time delays and enforc-
ing flux ratio constraints, to see if the inclusion or exclusion
of either these data significantly impacts the results.
In Figure 16, we plot the Rcusp or Rfold values of our
mock lenses and some real lens systems, along with a best
fit SIE to each of the real systems and mocks as a func-
tion of the total astrometric error summed in quadruature.
There is a clear separation between the real lenses and the
mock lenses, with real systems possessing both astrometric
and flux ratio anomalies, and our set of mock lenses mostly
confined to flux ratio anomalies 6 30% and nearly perfect
astrometric precision. The effect is more pronounced in cusp
lenses, although both image configurations follow this gen-
eral trend. Enforcing flux ratio contraints of 10 % in the
SIE fit to the mock lenses sometimes corrects the flux ratio
anomaly at the expensive of astrometric precision, but the
resulting points still populate a different region of parameter
space than the real lens systems. Additionally, while SIE fits
to the mock lenses systems come close to reproducing the
observed Rcusp or Rfold value, the best fit model of a real
lens system differs significantly.
Our analysis aims to characterize the properties of a
deflector (low velocity dispersion, high ellipticity, etc.) that
may increase the likelihood of observing a baryon-induced
flux ratio anomaly. While the trend in Figure 16 can be used
to characterize a purely baryonic lensing signal by the ab-
sence of an astrometric anomaly, it should not be adopted
as a criterion used to rule out lens systems as candidates
for analysis of dark matter substructure, as our analysis
does not address the question of whether a dark subhalo
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Figure 19. Largest flux ratio anomaly for Model 4 (purple) and Model 5 (green) in each lens as a function of ellipticity and central
velocity dispersion for cusp configurations (left) and fold configurations (right).
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Figure 20. Distributions of the largest anomalies (left) and the three anomalies summed in quadrature (right) for each lens, color coded
by the deflector’s central velocity dispersion. The color scheme is the same as in Figure 19
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Figure 21. Differences in the R-cusp (left) and R-fold (right) statistics between the SIE and SNFW models, and the Truth data.
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will necessarily result in simultaneous astrometric and flux
ratio anomalies, and the relative magnitudes of these per-
turbations. Further, the interpretation of what constitutes
an astrometric anomaly is model dependent, and depends
on the precision the available data. Regardless of these nu-
ances, given a large sample of lenses, observations of the
morphological features of the lensing galaxy, together with
an absence of astrometric anomalies in the presence of rela-
tively small flux ratio anomalies, could be used to flag cer-
tain systems as more likely than others to exhibit lensing
effects induced by luminous matter. This would necessitate
additional observations of the lensing galaxy, and detailed
modeling of its morphology.
3.4 Rcusp, Rfold, and flux ratios; Models 2-5.
3.4.1 Flux Ratios: Models 2 and 3 (Real HST and HST
Interpolated)
The process of rebinning pixels introduces a significant
source of flux ratio anomaly - relative to the Truth model
- compared to Model 3, as seen in Figures 17 and 18. This
suggests that in a real lens observed at redshift 0.5, directly
using pixel values to infer properties of the lens baryonic
mass distribution introduces flux ratio anomalies of about
40% for cusp configurations, and about 20% for fold config-
urations. There is no clear trend between ellipticity, stellar
velocity dispersion, and flux ratio anomaly. Based on these
findings, we conclude that the source of anomalies for the
pixellated models are numerical and associated with com-
puting lensing derivatives from coarsely sampled data. Thus,
even in the presence of exquisite data, it is best to inter-
polate the pixellated data with smooth functions (e.g. the
multi-gaussian-expansion method of Cappellari 2002) to de-
scribe the baryonic component correctly and attribute ex-
cess anomalies to dark subhalos. As the smooth model can
be interpreted as the best empirical basis one could use to
model a lens, given that there exists an average variation
of 9.3% and 10.6% in flux ratios between the smooth model
and the Truth data, for fold and cusp lenses, respectively,
we conclude that this is a typical perturbation induced by
baryonic structure alone.
3.4.2 Flux Ratios: Models 4 and 5 (SIE and SNFW)
The relative flux ratio anomalies for both the SIE and
SNFW models display a clearer dependence on baryon el-
lipticity and the galaxys central velocity dispersion, with
the largest flux ratio anomalies present in highly elongated
and low velocity dispersion galaxies. However, there is con-
siderable scatter in the trends, as many highly elliptical
and low velocity dispersion targets do not posses signifi-
cant baryonic-induced anomalies. The largest anomalies are
present in cusp configurations. Many of the errors are on the
order of about 10%, comparable to the noise floor derived
from the HST Interpolated model, and as such should not
be formally considered ‘anomalies’. There is no significant
difference between the accuracy of flux ratios recovered by
the SIE and SNFW models.
3.4.3 Rcusp and Rfold: Models 4 and 5 (SIE and SNFW)
The offsets of Rcusp and Rfold statistics, shown in Figure
21, between the Truth data and the SIE and SNFW fits re-
veal a clear trend in anomalies for the Rcusp statistic, with
highly elliptical and low velocity dispersion targets possess-
ing the largest anomalies. However, this relationship is not
deterministic, as some low velocity dispersion or significantly
elongated deflectors do not display anomalies. The largest
offsets in the Rfold statistic, however, do not appear to be
correlated with ellipticity or velocity dispersion, which sug-
gests that this statistic is less sensitive to the baryonic struc-
ture of the lensing galaxy. On the other hand, our results
demonstrate that the Rcusp statistic is recovered almost ex-
actly by smooth lens models in galaxies with low ellipticity.
This suggests that image magnifications in the cusp config-
uration are more strong affected by baryon ellipticity due to
the proximity of stellar mass to the lensed images in elon-
gated deflectors. However, very massive galaxies with high
velocity dispersions will result in images far enough away
from the majority of the stellar mass, presumably leaving
their magnifications unaffected.
4 SUMMARY AND CONCLUSIONS
Motivated by the growing sizes of known lensed quasars sam-
ples and the interest in the lens systems as a probe of dark
matter substructure, we have carried out a systematic study
of “baryonic anomalies”. We have used a sample of high res-
olution images of nearby early-type galaxies as a starting
point to create mock gravitational lens systems, and then
we have studied how well the arrival time, positions, and
fluxes of the lensed images are reproduced by lens models
based on the observed surface brightness distribution and
on commonly used functional forms. Our findings can be
summarized as follows:
• Arrival times and image positions are virtually unaf-
fected by baryonic substructure and can be recovered within
the uncertainties by both empirical lens models and simply
parametrized models. We conclude that astrometric anoma-
lies are unlikely to arise from baryonic lensing effects, and
can therefore be used to distinguish between the lensing sig-
nal of luminous matter and a dark subhalo, which Chen
et al. (2007) show can induce astrometric anomalies of or-
der 10 mas. While the absence of astrometric anomalies is a
common feature among our mock lenses, the non-detection
of astrometric anomalies does not mean that dark substruc-
ture is not present. Rather, we claim that in a large sample
of lenses, highly elongated deflectors with low stellar veloc-
ity dispersion and no astrometric anomalies are the most
likely lens systems to posses lensing signals from baryonic
structure, and warrant further study and detailed modeling.
• The baryonic structure of a lensing galaxy can intro-
duce a source of flux ratio anomaly in strong lensing that
is more pronounced in highly elongated galaxies, and galax-
ies with low central velocity dispersion. We interpret this
as evidence that the baryonic anomalies are dominated by
large-scale features such as embedded disks, or isophotal
twisting. Our analysis suggests that small-scale features like
globular clusters or compact dwarf satellite galaxies con-
tribute substantially to the anomaly in NGC7626, although
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the non-detection of anomalies from small scale structure in
the majority of our mock systems suggests this would be a
sub-dominant effect in a large sample of lens systems.
• As our sample of mock lenses contains a dispropor-
tionately large number of small deflectors with low velocity
dispersions, our analysis likely over-estimates the frequency
and magnitude of flux ratio anomalies induced by the stellar
mass of a deflector. In light of this, the fact that only 4 out of
the 22 mock lenses we study display anomalies indicates that
baryon induced flux ratio anomalies are a rare occurrence.
Further, the magnitude of these anomalies are significantly
smaller than those observed in real systems like B2045 and
J1131. Together, these facts suggest that a baryonic lensing
signal alone would not dominate the signal from dark sub-
structure, although in some systems the perturbation can
be non-negligible.
• By comparing the Truth data with the Real HST and
HST Interpolated models, we show that the process of re-
binning pixels introduces a large source of error in lens mod-
eling, while convolution with a smoothing kernel produces,
on average, flux ratio anomalies of 9.3% and 10.6% for cusp
and fold configurations, respectively. Given that the smooth
model represents the best smooth profile that may be de-
vised to model a lens from observational data, we conclude
that a relative flux ratio anomaly of roughly 10% constitutes
an effective minimum flux ratio precision in strong lensing
for deflectors at typical redshift 0.5, given the resolution of
current optical and near infrared data. This anomaly arises
from galactic-scale structures as well as small scale luminous
satellites which are likely associated with dark subhalos.
• The most morphologically complex realistic lenses may
have anomalous Rcusp and Rfold statistics between 0 and
0.5 purely due to luminous structure and substructure. The
broad range of values makes it imperative to study in de-
tail the distribution of luminous matter while interpreting
these systems. The case of B2045 (Fassnacht et al. 1999),
which posses an anomalous Rcusp value nearly identical to
the mock lens VCC1692, is a good illustration. Whereas the
mock lens VCC1692 is highly elongated ( = 0.35) and has
a low stellar velocity dispersion, the deflector in B2045 is
nearly round and has a much higher velocity dispersion.
Thus, even though the two systems have approximately the
same Rcusp anomaly, the physical origin is likely different: In
the case of VCC1692 it is explained by the presence of a disk,
whereas this is not a viable explanation for B2045, support-
ing the hypothesis that a dark subhalo lurks near a lensed
image. In addition, B2045 has image positions that cannot
be recovered by a smooth potential, while the positions of
VCC1692 can be recovered with a χ2 value of 1.2 (see Ta-
ble 2), illustrating how astrometric anomalies can be used to
identify a lens likely susceptible to baryon-induced flux ratio
anomalies, as opposed to dark substructure or line-of-sight
induced anomalies.
• Real anomalous lenses and our mocks generally separate
well in the space of flux-ratio and astrometric anomalies,
indicating that a joint analysis of fluxes and positions is
essential to disentangle galaxy-scale luminous structure from
true dark matter substructure signatures.
Our results are consistent with and generalize earlier work
by Mao & Schneider (1998), Chiba (2002a), and Kawano
et al. (2004), who showed with simple models that small
scale baryonic substructure such as globular clusters and
m=3 multipole terms constitute a subdominant source of
flux ratio anomalies. Similarly, our conclusion that large
scale features such as disks and isophotal twisting are a
non-neglibile source of uncertainties is consistent with ear-
lier theoretical work by Mo¨ller et al. (2003), and recent work
Hsueh et al. (2016), in which flux ratio anomalies of ≈ 40%
(with respect to a SIE model) were observed in a lens with
a pronounced stellar disk. The good quality of the Hsueh
et al. (2016) data made it possible to observe and model
the disk, correcting the anomaly, and illustrates the impor-
tance of deep imaging of the lens galaxy. However, when
deep imaging is not available, or when the lensed images
are so bright to completely dominate the lens galaxy, this
potential source of error can controlled and mitigated by
restricting samples to deflector galaxies with high central
velocity dispersions, which tend to have low ellipticity and
be true elliptical galaxies with no disk (Moran et al. 2007;
Cappellari et al. 2011).
Baryon induced anomalies are enhanced in low mass
systems due to both kinematic and morphological features,
and also due to the lensing geometry. Low mass systems
will tend to have smaller Einstein radii, which will result
in images located closer to the center of the lens, where
baryonic mass dominates. As such, the flux ratios between
images in these lenses will be more strongly influenced by
stellar mass.
In conclusion, in order to minimize the impact of stel-
lar mass on flux ratios, we recommend that one restrict
lensing studies to the most massive galaxies with large Ein-
stein radii and low ellipticity, and allow for a residual noise
floor to absorb both perturbations by undetected structure
in the lensing galaxy, and the intrinsic uncertainties intro-
duced by modeling lenses with smooth potentials. If pos-
sible, one should also obtain deep and high resolution im-
ages of the deflector to look for irregular morphological fea-
tures, while simultaneously modeling both flux ratio and
astrometric data. Furthermore, one must keep in mind the
fundamental distinction between purely baryonic anomaly-
inducing components, like a stellar disk or a globular cluster,
and compact satellite galaxies. Whereas the former class of
objects is purely noise from the point of view of dark mat-
ter studies, the latter is typically associated with the elusive
subhalos. We leave to future work the analysis of how the
detailed morphology of real deflectors affects the inference
of the properties a population of dark subhalos.
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Table 1. Columns 1 and 2 list galaxy name and redshift. The following columns list the stellar velocity dispersion, half light radius,
stellar ellipticity, position angle, Se´rsic index, external shear, and external shear position angle. Asterisks denote quantities obtained by
fitting with galfit , while the rest are obtained from the literature. The references are as follows: 1) HyperLeda online catalog Makarov
et al. (2014) 2) Ferrarese et al. (2006) 3) (Ma et al. 2014)
Name Redshift σ∗ R1/2  θ n γ θγ References
km/sec arcsec degrees degrees
VCC1664 0.0038 156 15.8 0.34 46.8 3.982 0.08 40 1, 2
VCC1297 0.0038 165 2.33 0.20 -32.1 2.732 0.08 25 1, 2
VCC798 0.0038 175 170.8 0.24 30.2 6.813 0.05 55 1, 2
VCC2092 0.0038 177 24.13 0.19 71.2 4.279 0.05 15 1, 2
VCC1231 0.0038 179 16.89 0.43 -86.3 2.955 0.08 35 1, 2
VCC1062 0.0038 179 16.92 0.27 86.8 3.291 0.05 25 1, 2
VCC1692 0.0038 187 9.5 0.35 -21.7 2.458 0.05 39 1, 2
VCC2000 0.0038 192 10.45 0.40 -84.9 3.977 0.05 75 1, 2
VCC355 0.0038 199 9.78 0.13 -9.4 3.725 0.05 38 1, 2
NGC4872 0.0231 218 28.25* 0.23* 104.0* 6.190* 0.05 70 1
VCC1903 0.0038 228 106.8 0.34 -16.8 6.852 0.05 17 1, 2
VCC881 0.0038 230 411.84 0.19 -57.2 7.016 0.05 85 1, 2
IC4051 0.0231 234 21.01 0.35 97.2 3.210* 0.05 71 1, 3
NGC5322 0.008 236 26.6 0.32* 97* 3.690* 0.05 57 3
NGC1132 0.0231 246 16.1 0.35* 146.0* 2.15* 0.05 135 3
VCC731 0.0050 247 115.4 0.25 43.9 5.871 0.05 70 1, 2
VCC1632 0.0038 250 85.12 0.05 -60.7 7.088 0.05 55 1, 2
NGC4874 0.0231 266 23.8 0.13 49.3 1.860* 0.05 45 1, 3
NGC7626 0.0130 274 20.1 0.17 20.5 5.240* 0.05 121 1, 3
NGC5557 0.0130 281 16.2 0.17* 97.0* 3.910* 0.05 23 3
NGC1272 0.0180 292 20.7 0.06* 76.0* 2.440* 0.05 23 3
NGC6482 0.0130 322 10.1 0.15 68.3 2.870* 0.05 68 1, 3
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Table 2. Result of the SIE and SNFW model fits to the Truth data from each lens. From left to right, we display the galaxy name,
lens configuration, reduced χ2 for the fit with a SIE, Einstein radius of the SIE, ellipticity, position angle, shear, and shear angle, χ2 of
the SNFW model fit, the normalization of the Se´rsic profile, ellipticty and position angle of the Se´rsic profile, Se´rsic index, NFW halo
normalization κs, external shear, external shear angle, and finally the NFW scale radius. A hyphen indicates that a parameter was held
fixed to a value either obtain from the literature or fit with galfit (see Table 1). The reduced χ2 are very small because we do not add
measurement noise to our data.
Name type χ2SIE χ
2
SIE REin  θ γ θγ χ
2
SNFW χ
2
SNFW N  θ R1/2 n κs γ θγ Rs
(position) (time delay) arcsec degrees degrees (position) (time delay) Σ/Σcrit degrees arcsec Σ/Σcrit degrees arcsec
VCC1664 CUSP 0.000 0.003 0.39 0.32 -40.4 0.02 6.3 0.000 0.000 6.66 0.70 -42.3 - 1.220 0.303 0.09 41.1 1.020
FOLD 0.000 0.019 0.39 0.30 -40.7 0.03 19.0 0.000 0.001 126.48 0.63 -42.5 - 2.808 0.277 0.08 40.9 1.010
VCC1297 CUSP 0.000 0.000 0.44 0.09 27.0 0.05 21.8 0.141 0.000 193.42 - - - - 2.634 0.08 23.8 0.150
FOLD 0.000 0.000 0.44 0.09 20.6 0.05 26.6 0.291 0.000 24.93 - - - - 2.804 0.08 24.2 0.140
VCC798 CUSP 0.000 0.000 0.49 0.15 34.4 0.03 -26.9 0.000 0.000 145.92 0.18 36.6 - 4.382 0.041 0.03 -33.3 10.940
FOLD 0.000 0.003 0.49 0.18 26.6 0.04 -16.5 0.002 0.053 1.82 0.44 37.5 - 1.788 0.075 0.05 30.9 11.250
VCC2092 CUSP 0.000 0.000 0.50 0.09 -2.7 0.04 29.6 0.000 0.000 4.07 0.16 -1.8 - 1.361 0.213 0.05 22.0 1.550
FOLD 0.000 0.002 0.50 0.09 1.3 0.04 26.9 0.000 0.000 134.53 0.28 7.7 - 3.374 0.252 0.05 19.6 1.550
VCC1231 CUSP 0.000 0.001 0.53 0.18 8.1 0.11 28.1 0.004 0.053 175.03 - - - - 0.304 0.09 36.7 1.110
FOLD 0.000 0.003 0.52 0.22 6.7 0.12 24.6 0.002 0.123 216.16 - - - - 0.267 0.09 34.8 1.120
VCC1062 CUSP 0.000 0.002 0.51 0.17 -7.8 0.06 15.2 0.000 0.001 79.09 0.41 -11.3 0.50 - 0.181 0.04 23.6 2.520
FOLD 0.000 0.016 0.50 0.27 -5.7 0.11 11.4 0.018 0.021 61.79 0.25 21.6 1.18 - 0.009 0.11 4.8 5.930
VCC1692 CUSP 0.883 0.761 0.54 0.45 8.7 0.18 19.8 1.239 0.050 37.73 0.37 17.3 0.68 - 0.001 0.13 31.6 3.410
FOLD 0.001 0.017 0.57 0.13 2.9 0.02 -42.1 0.302 0.505 174.09 - - - - 0.636 0.04 23.9 0.530
VCC2000 CUSP 0.000 0.000 0.60 0.08 -19.2 0.03 -6.2 0.725 0.819 107.05 - - - - 0.925 0.05 78.3 0.520
FOLD 0.000 0.002 0.60 0.10 6.1 0.04 -25.3 0.000 0.004 54.16 0.18 -34.9 - 1.422 0.170 0.07 -15.1 0.670
VCC355 CUSP 0.000 0.000 0.65 0.01 -12.1 0.05 37.7 0.443 0.008 106.28 - - - - 0.903 0.05 35.4 0.570
FOLD 0.000 0.000 0.65 0.02 -12.4 0.05 38.4 1.011 0.008 42.98 - - - - 0.887 0.05 35.0 0.590
NGC4872 CUSP 0.000 0.003 0.77 0.24 8.4 0.04 36.8 0.000 0.010 91.82 0.58 15.8 0.20 - 0.355 0.06 -18.9 1.220
FOLD 0.000 0.004 0.76 0.25 9.3 0.05 35.5 0.000 0.044 24.29 0.42 4.0 - 3.229 0.101 0.03 40.4 10.560
VCC1903 CUSP 0.000 0.000 0.83 0.26 -17.3 0.05 -44.9 0.001 0.007 7.26 0.27 40.1 - 1.976 0.060 0.04 -16.7 6.870
FOLD 0.000 0.017 0.83 0.26 -18.8 0.06 43.6 0.001 0.061 3.41 0.22 -15.8 - 1.346 0.006 0.05 -44.2 6.890
VCC881 CUSP 0.000 0.001 0.84 0.26 35.1 0.07 -32.1 0.001 0.001 25.80 0.24 30.3 - 3.404 0.010 0.05 -34.0 26.820
FOLD 0.000 0.001 0.84 0.24 33.0 0.06 -31.3 0.000 0.004 14.26 0.22 28.9 - 2.996 0.001 0.05 -38.1 26.450
IC4051 CUSP 0.000 0.024 0.88 0.26 15.8 0.06 37.3 0.001 0.036 26.95 0.23 14.8 - 3.359 0.000 0.06 37.4 26.260
FOLD 0.000 0.003 0.88 0.27 18.1 0.07 38.4 0.000 0.000 79.90 0.26 9.8 1.30 - 0.048 0.06 -6.6 6.570
NGC5322 CUSP 0.000 0.001 0.89 0.20 6.0 0.06 35.7 0.054 0.221 329.38 - - - - 0.139 0.06 50.3 3.790
FOLD 0.000 0.000 0.89 0.18 3.6 0.05 38.1 0.000 0.001 38.14 0.30 -0.4 - 2.692 0.181 0.05 -34.0 3.590
NGC1132 CUSP 0.000 0.010 0.97 0.23 -37.3 0.02 22.3 0.494 0.311 8.72 - - - - 0.150 0.03 -52.4 5.090
FOLD 0.000 0.019 0.97 0.23 -37.0 0.02 20.2 0.021 0.413 6.85 - - - - 4.038 0.06 -46.8 0.180
VCC731 CUSP 0.000 0.002 1.00 0.20 36.2 0.05 2.4 0.000 0.000 27.85 0.19 40.2 - 3.384 0.014 0.04 1.6 26.400
FOLD 0.000 0.011 1.00 0.17 42.0 0.04 -1.2 0.000 0.016 4.72 0.16 -44.2 - 1.662 0.001 0.03 1.1 9.880
VCC1632 CUSP 0.000 0.000 1.01 0.07 -32.5 0.07 -32.6 0.056 1.625 943.00 - - - - 0.314 0.03 57.3 3.730
FOLD 0.000 0.002 1.01 0.07 -21.3 0.07 -29.3 0.000 0.006 18.04 0.26 -42.7 - 3.116 0.227 0.03 -31.0 5.260
NGC4874 CUSP 0.001 0.020 1.18 0.02 34.6 0.06 43.9 0.103 0.012 3.32 - - - - 0.130 0.03 42.9 9.010
FOLD 0.000 0.006 1.18 0.03 26.4 0.06 42.2 0.337 0.034 3.40 - - - - 0.127 0.03 42.2 9.070
NGC7626 CUSP 0.004 0.006 1.23 0.09 35.6 0.07 35.4 0.852 0.936 39.21 - - - - 0.369 0.04 -54.7 3.490
FOLD 0.000 0.085 1.23 0.09 -40.1 0.07 41.8 0.000 0.059 16.12 0.13 -43.0 - 1.933 0.102 0.07 40.1 4.290
NGC5557 CUSP 0.000 0.005 1.28 0.09 9.1 0.07 19.8 0.181 0.152 564.82 - - - - 0.231 0.06 23.3 3.500
FOLD 0.000 0.000 1.28 0.10 9.5 0.07 19.7 0.000 0.020 14.67 0.28 -21.0 - 2.600 0.347 0.04 23.1 3.360
NGC1272 CUSP 0.000 0.029 1.41 0.07 15.9 0.07 19.4 0.428 0.337 6.60 - - - - 0.291 0.04 19.4 4.470
FOLD 0.000 0.019 1.40 0.07 40.4 0.07 27.9 0.000 0.010 3.29 0.64 4.9 - 2.160 0.299 0.04 26.8 5.140
NGC6482 CUSP 0.002 0.164 1.69 0.17 -0.8 0.05 34.4 0.001 0.188 29.40 0.25 -7.0 - 3.343 0.073 0.03 36.6 26.420
FOLD 0.017 2.410 1.70 0.16 -13.7 0.03 40.9 0.015 1.672 39.70 0.27 -14.8 1.75 - 0.146 0.04 8.4 8.800
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APPENDIX A: FROM SURFACE BRIGHTNESS TO SURFACE MASS DENSITY
The dimensionless surface mass densities of an NFW halo and an image of a galaxy are given by:
κD (r) = 2κs
1− F (r/rs)
(r/rs)
2 − 1 = κsg (r) κB = λ c (r)
Where
F (x) =

tanh−1
[√
1−x2
]
√
1−x2
; x 6 1
1 x = 1
tan−1
[√
x2−1
]
√
x2−1
; x > 1
Where we adopt a polar coordinate system, and where x ≡ r/rs, with rs the scale radius of the NFW halo. λ is a normalization
factor we apply to the images obtained from the HST with units of [convergence]/[pixel count], and c(r) is a 2 dimensional
image with pixel values corresponding to photon counts. There are two free parameters (κs, λ), and two constraints on the
surface mass densities of dark matter and baryons (κD, κB):
• the average convergence (baryons plus NFW) within the Einstein radius REin is 1, a standard result for lenses with
circular symmetry:
κ¯s =
1
piR2Ein
∫
dAREinκ (x) =
1
piR2Ein
∫
(κB + κD) dAREin = 1
• The contribution to the total convergence within R0 = R1/22 from the NFW halo is some fraction f :∫
dAR0 κD∫
dAR0 (κB + κD)
= f
Inserting the expressions for κD and κB into (1) and (2) yields two equations in two unknowns:
1
piR2Ein
∫
dAREin
[
κsg (r) + λ c (r)
]
= 1[∫
dAR0κsg (r)
] [∫
dAR0 [κsg (r) + λc (r)]
]−1
= f
It is useful to introduce the notation:
∫
dAR g (r) = 2piR
2
s G (n) ; G (n) ≡ log
(
n2
4
)
+
2 tanh−1
(√
1− n2)√
1− n2 ; n ≡
R
RS∫
dAR c (r) = piR
2
(
1
N
N∑
i,j=0
Dij
)
= piR2〈C (r)〉 ; [r < R]
Where the integral over the count map is expressed as a discrete sum over pixels within the radial limit of integration.
Solving for κs and λ:
κs =
R2Ein
2R2s
[
G (n1) +G (n2)
(
1− f
f
)(
REin
R0
)2 〈C〉REin
〈C〉R0
]−1
λ =
(
1− f
f
)
R2Ein
R20
[
G (n1)
G (n2)
〈C〉R0 +
(
1− f
f
)(
REin
R0
)2
〈C〉REin
]−1
where
[
n1 ≡ REinRs , n2 ≡
R0
Rs
]
. The scale radius Rs is taken to be 5R1/2, while the number f is taken to be
1
3
, consistent with
the results of Auger et al. (2010). With these choices, the only free parameters are the Einstein radius REin, which we ob-
tain via the measured central velocity dispersion of the galaxy, and the half-light radius for each galaxy found in the literature.
APPENDIX B: SIMULATING AN EXTENDED SOURCE
To get around the issue of background noise in the optical images that introduces an artificial micro-lensing signal, which
results in a large scatter in the distribution of image magnifications, we model the source as an extended object of diameter
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Table A1. Stellar mass estimates derived via our normalization procedure and by Gallo et al. (2008).
Galaxy Log10M (from convergence map) Log10M (from Gallo, Treu et al 2008)
VCC1664 10.8 10.6
VCC1692 10.8 10.6
VCC2000 10.6 10.4
VCC881 11.5 11.9
VCC731 11.3 11.7
VCC1903 11.3 11.3
VCC1231 10.9 10.8
VCC355 10.6 10.3
VCC1062 10.6 10.7
M = 7.96 M = 10.01
M = 11.94 M = 2.26
Figure B1. The individual panels on the right hand side show zoomed-in images of the clusters of points in the left panel. The grey
points are drawn from a circular Gaussian distribution, centered at a reference source position, simulating an extended background
source of diameter 5 pc. For each of these source points, we use gravlens to solve the lens equation, resulting in 4 additional points,
each representing an image produced by the lens system. After repeating this procedure 100 times, the area of the ellipse describing the
covariance matrix for each set of points is used to compute the compute the magnification. This procedure is repeated for each of the
250 randomly sampled reference source positions. The ellipses in the right-hand panels correspond to 90% confidence intervals.
5 parsecs in the source plane.
To model an extended source, we take the original source position as the center of a 2-d Gaussian, characterized by a
covariance matrix
Σ0 =
[
σ20 0
0 σ20
]
where we take σ0 = 2.5 pc. We take the area of the source to be
Asrc = piσ
2
0
which corresponds to a circle in source plane of diameter 5 parsecs. We draw 100 random source positions from this distribution
and solve the lens equation with gravlens for each one, yielding 4 images positions for each source position. This process results
in 4 clusters of 100 points each, with each cluster described by its own covariance matrix describing an ellipse in the image
plane. The area of this ellipse is given by
Aimg = pi
√
λ1λ2
where (λ1, λ2) are the eigenvalues of the covariance matrix describing the 100 (x, y) coordinates for each of the four images.
The magnification for each image is then given by the ratio of Aimg to the area of the source:
Mi =
Aimg
Asrc
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